Phytoremediation is an eco-friendly and low-cost biotechnology using plants to extract, contain, degrade, or immobilize pollutants from the contaminated environment. Selection of the ideal plant species and suitable enhancing measures to obtain high remediation efficiency and large valuable biomass are essential requirement for a successful phytoremdaition. Sorghum (Sorghum bicolor L.) is one of the most attractive bioenergy crops for producing biofuels with high biomass production. In this study, the phytoremediation potential of sorghum to heavy metals and the promotion effects by a lead-tolerant fungus (LTF) were investigated using a multiple heavy metal contaminated soil with Pb, Ni, and Cu. The results showed that the sorghum survived the heavy contamination, and LTF inoculation promoted the plant growth and increased the phytoextraction yields of Pb, Ni, and Cu. The phytoextraction potential (μg/plant) of the whole sorghum for Sorghum were 410 (Pb), 74 (Ni), and 73 (Cu), and for Sorghum with LTF inoculation were 590 (Pb), 120 (Ni), and 93 (Cu), respectively. The results suggested that sorghum would be one of the ideal candidates for phytoremediation of contaminated soil because of its high phytoremediation potential, large biomass production, and utilization in biofuel production.
Introduction
Phytoremediation, an emerging technology that uses various plants to extract, contain, or immobilize contaminants from soil, has been received increasing attention as an innovative, cost-effective alternative method for remediation of contamination soil [1] [2] . Phytoremediation can remove heavy metals from soil and improve soil quality [3] .
However, as plants usually grow slowly, phytoremediation usually has a low efficiency and generally needs many years to achieve a good remediate effect, which greatly limits the practical application of phytoremediation [1] [4] . In order to promote the application of phytoremediation, we focus on searching ideal plant species with high extraction ability of heavy metals, high biomass production, and high economic values [5] . In this way, we can guarantee the economic income for the owner of the contamination sites during the remediation period, thus, the practical application of phytoremediation can be promoted [6] . On the other hand, to improve the remediation efficiency, we are also studying on means for enhancing phytoremdiation through application of chelating agents and effective bacteria [7] .
Sorghum (Sorghum bicolor L.) is a plant with high tolerance to diverse growing conditions, high biomass production, various processes for bioenergy production, and low nitrogen fertilizer requirements. Therefore, in this study we determined the potential of sorghum for phytoremediation of multiple heavy metal contaminated soil, and the promotion effects on phytoremediation potential by a lead-tolerance fungous isolated from lead contaminated soil.
Materials and Methods
The pot cultural experiment was conducted in the green house in Changchun city of China, with natural photoperiod, temperature around 25˚C in the day time and 21˚C at night, and relative air humidity of about 70%. The soil used in the experiment was a loam soil contaminated by Pb, Ni and Cu, with pH of 7.2 ( Table 1) . Prior to filling into pots, the soil was air dried, ground, and homogenously mixed. 20 kg of the soil was filled in each pot for growing sorghum.
Sorghum variety Siza 25 was used in this study. Five seeds of the sorghum were sown in the contaminated soil, and after three weeks of germination, one plant per pot was selected for harvest at last. Two treatments, sorghum (SG) and sorghum with microbe inoculation (SGM), were conducted with three replications.
The microbe used in this study was a lead-tolerant fungus (LTF), a rhizobacterial isolate (ZJ1 Isolate) isolated from Pb contaminated soil, which has been proved to be able to promote Pb uptake by ryegrass [8] . The inoculation of the microbe was done by pouring the bacterial cultural solution to the soil. The plants were watered daily to avoid water stress. Three replicates of each treatment were removed from the green house in the harvest day.
After harvest, root, stem, leaf and grain were carefully separated, washed, weighted and oven dried at 70˚C for 48 hours for determining the plant dry biomass and the heavy metal contents.
The dried plant samples were granted by a mill and then mixed evenly for heavy metal analysis. Plant samples were digested using concentrated HNO 3 and H 2 O 2 , dissolved with 1:1 HNO 3 , filtered with filter paper, and transfer to flask for ICP-MS determination of the Pb, Ni and Cu concentrations.
Phytoremediation potential was evaluated with phtoextraction potential, which was described as the total amount of heavy metal extracted by per plant in a single harvest cycle, and the following Formula (1) was used for calculation phtoextraction potential (PEP). is the dry weight of the plant biomass [9] . National standard (soil) a 6.5 < pH < 7.5 300 50 100
Results and Discussion

Plant Biomass Production
Sorghum in each pot grew well with green colored leaves, and no visible physical damage showing toxicity symptoms was found at all plants. As shown in Figure 1 , the total biomass dry weight of individual sorghum plant for SG and SGM treatments were 81.5 and 98.6, while the grain biomass were 35.2 and 48.9 g/plant, respectively. Microbe inoculation showed 21% increase in total biomass production and 44% in grain production. SGM treatment also showed some increasing effect on root and stem biomass, however, no positive effect was found in leaves. These results indicated that the sorghum had good tolerance to the multiple heavy metal soil contamination with Pb, Ni and Cu. The results were supported by the findings in other studies, which reported that sorghum had high tolerance to the heavy metal stress [10] [11] .
The results also showed the microbe inoculation promoted sorghum growth and biomass production, with the highest increasing rate to grain yield compared with the sorghum without microbe inoculation. This indicated that the microbe used in this study was a plant growth promoting bacterium. The increase in grain yield can generate more economic income from the contaminated soil when the grain is used for producing bioenergy, which is important for sustainability of phytoremediation.
Heavy Mental Concentrations in Different Plant Organs
The concentrations of Pb in different parts of sorghum were quite different, with a general trend from high to low of root > leaf > shoot > grain. Compared with SG treatment, SGM treatment weakly increased Pb concentration of roots (increased by 25%), but little increase was found in stem, leaf and grain ( Table 2) .
The content of Ni had a similar trend with that of Pb. The concentration in different organs also had a high to low trend of root > leaf > shoot > grain. Microbe inoculation increased 50% in Ni content in roots, but little increase effect was found in stem, leaf, and grain ( Table 3) .
The performance of Cu concentration (Table 4) in the sorghum had some difference with Pb and Ni. Although Cu content in roots is the highest, the contents in stem and leaf were at a same level. Cu concentration in roots was much lower than that of Pb and Ni, however, it is much higher in grain than that of Pb and Ni, which possibly caused by the higher mobility of Cu in plant compared with Pb and Ni.
Not like some hyperaccumulator (the plants capable of growing in soils with very high concentrations of metals, absorbing these metals through their roots, and concentrating extremely high levels of metals in their tissues) such as Indian mustard and Chinese brake fern [12] , the concentrations of Pb, Ni and Cu in sorghum were at the range of normal levels [13] . No extremely high heavy metal levels in all the organs of the sorghum. Pb, Ni and Cu concentration in the grain were much lower than stem and leaf, and nearly the same level as that harvested in the uncontaminated farmland, so there would be no influence for the use of bioenergy i.e. bioethanol. The results obtained showed much variation in heavy metal concentrations, following the sequence Pb > Ni > Cu in roots, Pb > Cu > Ni in stems, and Cu > Pb > Ni in grains, respectively. This sequence in roots showed reflectiveness of the total content of heavy metals in the soil. LTF inoculation increased the Pb and Ni concentration in roots. However, we did not find promotion effect on heavy metal concentration of sorghum in shoots (stem, leaf, and grain) with LTF inoculation. Different from Ni and Pb, the results showed a light increase in Cu concentrations in roots, stems, leaves and grains with inoculation of LTF. The heavy metal concentration in stems, leaves, and grains seemed mainly influenced by the translocation properties of heavy metal from root to shoot. Cu showed higher translocation ability from root to stem, leaves and grains than Ni and Pb.
Phytoremediation Potential
In the process of phytoremediation, heavy metals are removed from soils by harvesting plants. So, phytoremediation potential of plants to soil heavy metals is generally decided by the heavy metal accumulation amount of plants from soil during one harvesting cycle. The mean values of accumulation rates (phytoremediation potential) of Pb, Ni and Cu by individual sorghum plant are shown in Figure 2 . Results showed that in the SG treatment accumulation rates of Pb, Ni and Cu by the whole plant of sorghum were 3900, 705, and 700 μg/plant, respectively. Results also showed that 81% of Pb and 86% of Ni were accumulated in the roots, respectively. Unlike Pb and Ni, only 42% of Cu was accumulated in the root, indicating Cu had much higher translocation rate from root to shoot than Pb and Ni. Mohebbi (2012) also reported that Cu had higher translocation rate than Pb in alfalfa [14] . High translocation rate from root to shoot were important for phytoremediation as the heavy metals was uptake to the easily harvestable plant parts i.e. shoot.
Compared to the SG treatment, SGM gave promotion to heavy metal accumulation rates in the whole plant, with increasing rates of 45% (Pb), 66% (Ni), and 27% (Cu), respectively. For Pb and Ni, the accumulation increase was almost from root, whereas for Cu, the increase was from both root and shoot (Figure 2) .
It is reported that the most suitable plantation density of the sorghum was 105,000 plants/ha [15] . Based on this plantation density, we made an estimation for the phytoextraction yields of the three heavy metals in shoot (above ground part) and whole plant ( Table 5 ). As shown in Table 5 , phytoextraction yileds (g/ha) by the whole sorghum for SG were 410 (Pb), 74 (Ni), and 73 (Cu), and for SGM were 590 (Pb), 120 (Ni), and 93 (Cu), respectively. However, phytoextraction yields by shoot were much lower, with small variation between SG and SGM. Our data of phytoextraction yields were lower for Cu but higher for Pb than the data reported by Marchiol et al. (2010) , in which sorghum removed 820 g/ha for Cu and 107 g/ha for Pb. The reason possibly was that in the current study, the soil Pb concentration was much higher than Cu [16] .
The current study showed that more Pb, Ni and Cu were accumulated by sorghum in SGM treatment, indicating that the LTF promoted phytoextraction to the three heavy metals by sorghum. The increase in accumulation of Pb, Ni and Cu with LTF inoculation was mainly contributed by promotion of plant growth and heavy metal concentration in the root of sorghum.
Conclusions
This study detected that the sorghum grew normally without suffering any visible phytotoxicity in the multiple metal contaminated soil. The sorghum also had considerable accumulation ability to Pb, Ni and Cu in root and shoot. The concentration of Pb, Ni and Cu in grains still belonged to the normal range, which should be suitable for biofuel production. Inoculation of LPF effectively increased Pb, Ni and Cu phytoextraction potential of sorghum. The increase of phytoextraction potential with LPF inoculation was contributed from promotion to biomass production and heavy metal concentration in root of sorghum. Anyway, there was a need of further study on the mechanism of this LPF in promotion to the growth and heavy metal uptake in the roots of sorghum.
The accumulation mass of heavy metal from soil, biomass production and its economic values were three major factors for selecting the plants for phytoremediation. From this study, we could conclude that the sorghum Siza24 could be considered an energy crop extremely suitable for remediation and utilization of heavy metal contaminated soil. The LPF used in this study could act as a phytoextraction enhancer for sorghum in remediation of heavy metal contaminated soils, although its promotion mechanisms and the suitable application rate need further study.
